Mussels attach to solid surfaces in the sea. Their adhesion must be rapid, strong, and tough, or else they will be dislodged and dashed to pieces by the next incoming wave. Given the dearth of synthetic adhesives for wet polar surfaces, much effort has been directed to characterizing and mimicking essential features of the adhesive chemistry practiced by mussels. Studies of these organisms have uncovered important adaptive strategies that help to circumvent the high dielectric and solvation properties of water that typically frustrate adhesion. In a chemical vein, the adhesive proteins of mussels are heavily decorated with Dopa, a catecholic functionality. Various synthetic polymers have been functionalized with catechols to provide diverse adhesive, sealant, coating, and anchoring properties, particularly for critical biomedical applications. 
INTRODUCTION
The holdfast of marine mussels has recently provided important chemical and physical insights into moisture-resistant adhesion. This review develops three interconnected themes: how water undermines polymer adhesion, how mussel adhesives and coatings work, and how basic research in this area has translated into diverse applications.
WATER AND ADHESION
In the technology of adhesive bonding, water or moisture has traditionally been treated as a surface contaminant or weak boundary layer. With few exceptions, the presence of moisture leads to the deterioration of performance in synthetic adhesive polymers. The mechanisms of deterioration are many and complex and include moisture-induced plasticization, swelling, erosion, and hydrolysis of polymers and interfacial wicking and crazing (1) .
In biology, water is the medium: Cells and most tissues are approximately 70% water by weight. Saline fluids such as blood plasma, lymph, and seawater surround and bathe cells, tissues, organisms, and implants. The medium has played a crucial role in the evolution of biomolecular adhesion. Water, particularly saline water, limits what can bind and where. At a simplistic molecular level, Coulomb's law for electrostatic interactions predicts that the interaction energy for two point charges Q a Q b is −Q a Q b /4πεr, where ε is the dielectric constant and r is the interionic distance. An electrostatic interaction between opposite charges will be only 1/80 as strong in water (ε = 80) as it is under vacuum (ε = 1). Actually, the interaction is often further diminished because r will also be increased due to strong solvation of ions such as Mg 2+ and Li + by H 2 O (2). The interaction energies of several other noncovalent interactions such as freely rotating dipole-dipole interactions and dispersion forces are penalized to an even greater degree by the dielectric constant in that E ∝ 1/ε 2 (2) . In contrast, the effect of ε on hydrogen bonds is essentially unpredictable; coordination complexes are largely unaffected as long as the ligands of choice bind the metal more strongly than to H 2 O (3), and hydrophobic interactions are enhanced by H 2 O (2).
Although a molecular perspective is suggestive about the effect of water on interactions between molecules, it must be enlarged where surfaces are concerned. Expanding the concept of interactions between two surfaces in water requires the use of adhesion energies (E A = −2γ i ) or works of adhesion (W A = 2γ i , where γ i is the interfacial energy), which can be measured for an interface between any two homogeneous materials (4) . Much theoretical and experimental effort has been devoted to parsing the contributions of electrostatic, polar, and dispersion forces to interfacial energies. An illustrative example of how water affects adhesion in terms of interfacial energies is a comparison of epoxy on aluminum under clean-room and fully hydrated conditions (Figure 1 ) (5) . The polar and dispersive components of each interfacial energy can be summed to estimate a W A . This work is quite strong (positive) in vacuum, whereas in water there is no measurable adhesion, e.g., W A = −137 mJ m −2 . The most subversive component undermining adhesion in the latter case derives from the product of the polar components in the interaction between aluminum and water, i.e., γ Figure 1 ), which the polymer interactions with the metal are unable to overcome. This example shows that successful adhesives for wet polar surfaces must be designed so as to result in a more favorable interaction with a target polar surface than water is able to offer. Engineering covalent bonds into the interfaces of moistureresistant adhesives is currently quite common but requires elaborate and costly clean-room procedures (5) . Understanding mussel adhesion offers insights into how this can be done entirely underwater. 
Figure 1
The influence of water on the work of adhesion (W A ) between an epoxy adhesive and an aluminum surface. powers of surface discrimination have been limited (12, 13) . Upon finding a suitable spot, the foot tip attaches to the surface and becomes quite motionless.
Tenacity
The average mussel has 50 to 100 threads at any given time, and these threads are roughly radially arranged over a flat surface. Field tests of mussel tenacity or the resistance to dislodgement have been measured with handheld force gauges in normal and parallel displacement modes. Adjusted for mass, the tenacity of a solitary (length 10 cm and weight ∼0.150 kg) California mussel (Mytilus californianus) attached to a rock is typically approximately 300 N in normal mode (lift) and 180 N in parallel displacement mode (drag) (Figure 3) (14, 15) . Tenacities in other Mytilus species are less than half these figures. As all threads contribute to load bearing only in normal mode, 300 N divided by 50 threads yields 6 N per thread. The geometry of load transfer in byssus during normal and parallel extension has been examined in greater detail elsewhere (14, 15) . The most common point of failure in tenacity tests is the adhesive plaque. If one takes 2 mm as the diameter of each plaque, an estimate for average plaque adhesive strength in a solitary field mussel is 6 MPa. This value is considerably higher than the 0.3 MPa measured directly on individual plaques by Allen et al. (16) and Wilker and colleagues (17) in Mytilus edulis. Perhaps the disparity reflects a species dependency, but a significant concern about these measurements is that the angle of contact between a thread and a plaque decreases as the distance between the plaque and the thread origin increases. More importantly, the point of contact between a distant plaque and its connecting thread is shifted to the proximal edge of the plaque (Figure 3 ). Mature mussels have threads that can exceed 5-6 cm, making the angle between the thread, plaque, and substratum very small. As Lin et al. (18) point out, applying a normal force to a thread with a 5
• plaque contact angle is likely to fail in peeling at a much lower force than for a thread with a natural 90
• angle to the plaque. Unfortunately, even today researchers determine plaque attachment strengths without taking note of the thread-plaque contact angles (17) . At any rate, if one sets aside the concern of angles, even a 6-MPa attachment strength in plaques is not particularly impressive for a high-performance Mussels in flow experience a combination of lift and drag. (Left) Shown is a mussel in stationary water with an idealized byssus in which radial, equidistant threads of the same length form a small angle θ with the surface. (Right) Lift is force applied normal to the surface, whereas drag is force applied parallel to the surface. The location of the thread-to-plaque connection is biased toward the plaque's proximal edge.
adhesive. Nonetheless, the observed adhesion is a remarkable achievement given the ever-present seawater and the fouled surfaces that mussels must contend with.
Byssal Plaques
All portions of the mussel byssus are critical for secure attachment. Byssal plaques, however, are specialized for adhesion to solid foreign surfaces.
3.3.1. Microstructure. Mussel byssal plaques have a surprising degree of fine and hierarchical structure (Figure 4a-c) . Although there is much old literature on the subject, we confine ourselves to transmission electron microscopy (TEM) and freeze-fracture analyses (19) . The distal thread core consists of bundles of microfibers separated by a granular matrix. As each thread approaches the plaque, the bundles splay out like tree roots into the porous bulk of the plaque, approaching to within 1 μm of the interface (Figure 4c) . The plaque exhibits an ∼40% porosity and a marked gradient in pore diameter: The diameter is only 200 nm near the substratum but nearly 3 μm where the thread meets the plaque. The pores are open, are interconnected by channels with smooth walls (Figure 4d) , and are filled with fluid in their native state. The trabeculae also consist of an open-pore network in which pores range in diameter from 50 to 500 nm and walls are only 50 nm thick.
With respect to the interface, plaques attached to glass prepared for examination by SEM appear mostly delaminated, but closer scrutiny of the interfacial region reveals fibrous foci or pillars that remain intact (Figure 4e ). These pillars suggest that strong adhesive contacts between the plaque proteins and marine surfaces are possible in plaques. The limiting factor for mussel adhesion may thus be the extent to which surfaces are fouled by other contaminants (e.g., conditioning layers and biofilms) (20) . As biofilms are rarely, if ever, uniform on marine surfaces, mussel adhesion may be determined by whether adhesive proteins in the plaque find strong toeholds in the occasional bare patches of solid surface. 
Protein biochemistry.
Mytilus byssus contains roughly 25-30 different proteins. Perhaps 7-8 of these are present in the plaque, but only 5 are unique to plaque. Plaque proteins not confined to the plaque are mussel foot protein (mfp)-1, prepolymerized collagens (preCOLs) preCOL-D and preCOL-NG, and thread matrix proteins (i.e., tmp-1). Mfp-1 is the key protein of the byssal cuticle and is discussed in Section 3.4. The other proteins that assemble to make up the thread are discussed elsewhere (21) . Those proteins confined to plaques are mfp-2, -3, -4, -5, and -6 ( Table 1 ). All these proteins contain the posttranslationally modified amino acid 3,4-dihydroxyphenyl-L-alanine (Dopa) and have high isoelectric points but otherwise have widely different sequences. Most are polymorphic families-there are multiple genes and gene copiesor are processed via alternative splicing.
Mfp-2.
Mfp-2 is the most abundant plaque protein, representing 25 wt% of the plaque. It is 45 kDa long and consists of 11 tandem repeats of an epidermal growth factor (EGF) domain that resembles a knot stabilized by three disulfide bonds and is a common motif in extracellular matrix proteins (22) . Dopa (<5 mol%) is clustered at the N and C termini and otherwise appears once or twice on each EGF repeat. Rzepecki et al. (23) detected at least eight mfp-2 sequence variants in M. edulis plaques. One complete complementary DNA (cDNA)-deduced protein sequence has been published, but several others are accessible in the UniProt (ExPASy) database. At least one of the EGF repeats has a consensus motif for Ca 2+ binding (24) . (25) . Moreover, there is extensive variation due to posttranslational modification of protein tyrosine and arginine to Dopa and 4-hydroxyarginine, respectively. Such variation is immediately evident in purified variants by the number of peaks separated by 16 Da, as detected by mass spectrometry (26, 27) . Protein masses for the entire family range between 5 and 7.5 kDa (27) . Electrophoretically, the variants cluster into two groups known as slow-and fast-moving isoforms. The latter are Dopa rich, with typically 20 mol% or more and with high positive-charge density; the former, in contrast, have lower Dopa (5-10 mol%) and lower charge density (27) . Only a few other amino acidsglycine, asparagine, tryptophan, and lysine-are typically represented at higher than 10 mol% in mfp-3 and are immediately evident in the chemical structure of mfp-3 variant f ( Figure 5 ). In plaque footprint analyses using in situ MALDI-TOF (matrix-assisted laser desorption ionization time of flight) mass spectrometry, mfp-3s are always abundantly evident. (29, 30) . The protein has 99 residues, of which 28 are consistently Dopa. Serine is also variably modified to phosphoserine ( Table 1) . The other abundant residues are glycine and lysine. Mfp-5 has the highest charge density, i.e., one per three residues, of all plaque proteins. In plaque footprint analyses using in situ MALDI-TOF mass spectrometry, mfp-5 is usually present but in sparing amounts and requires very high laser power. Desorption and ionization of a footprint protein from a surface during MALDI are good evidence of its presence. Lack of a signal, however, is not compelling evidence of its absence. As is the case with mfp-5, strong adsorption to a surface can limit desorption during MALDI.
Mfp-6.
Like other footprint proteins, e.g., mfp-5, mfp-6 contains high levels of lysine, tyrosine, and glycine, but Dopa content is typically less than 2 mol% (30) . Moreover, cysteine is at 11 mol%, of which only a small proportion occurs as the disulfide cysteine. The high thiol content at first suggested that mfp-6 may use cysteines as nucleophiles of Dopaquinones to form cysteinyl-Dopa cross-links-a stable way to couple to other proteins in the plaque (30) . Although 5-S-cysteinyl-Dopa is detectable in the plaque of M. californianus at ∼1 mol%, this is not the only role of mfp-6, which is also critical in maintaining the redox balance during footprint formation. Mfp-6 effectively reduces Dopaquinones back to Dopa, coupling this half-reaction to the oxidation of two thiols to a disulfide (31).
PreCOLs.
PreCOL represents a family of block copolymer-like natural fusion proteins that self-assemble to form the fibrous core of byssal threads. There are three major types of preCOLs: preCOL-D, preCOL-P, and preCOL-NG. The distinguishing letters reflect distribution trends within the thread, i.e., distal (D), proximal (P), and nongraded (NG) (32) (33) (34) . The collagen block or domain is in the center and is characterized as in other collagens by [glycine-AA 2 -AA 3 ] n repeats (where AA denotes amino acid) representing a little less than half the total mass of each chain in the preCOL trimer. Flanking either side of the collagen domain are theme domains that help define the thread's local stiffness. In preCOL-D, flanking domains are distinctly spidroin like, whereas in preCOL-P, the flanking domain sequence resembles the pentapeptide repeats of elastin X-Gly-X-Pro-Gly, where Gly denotes glycine, X denotes another glycine or a nonpolar amino acid, and Pro denotes proline. N-and C-terminal domains of the preCOLs are histidine rich (≥20 mol%). Mussels mold the preCOLs as liquid crystals separated by glycine-and asparaginerich matrix proteins ( Table 1 Chemical structure of a Dopa-rich mussel foot protein (mfp). Shown is mefp-3 (variant f ) sequence from Mytilus edulis. The protein functions at the interface between the plaque and the substratum. Dopa residues are highlighted in red; the sequence contains nearly as many guanidinium groups (4-hydroxyarginines; purple) as Dopa residues. Results from Papov et al. (26) . Raman microscopy: a type of confocal microscopy with micrometer resolution based on Raman scattering of monochromatic light
Cooperative metal binding by the terminal histidines is believed to lock the preCOL assembly into cohesive fibers (34) and may mediate interactions between preCOLs and mfp-4 (28). PreCOLs are crucial for the tenacity of byssal threads but probably do not participate in plaque adhesion to surfaces. The splayed-out, root-like fibers embedded in the plaque matrix appear to be preCOL-D and preCOL-NG, but plaque-specific collagens are also possible.
Localization.
Given the extent of epitope concealment induced by metal-mediated and covalent protein cross-linking, traditional histochemical and immunohistochemical techniques have not been able to deconstruct with any certainty much of the chemistry of byssal plaques (36, 37) . Innovative alternative approaches, however, are yielding deeper insights. Plaque footprints, i.e., the lower interfacial 1 μm or so, are conducive to interrogation by MALDI-TOF mass spectrometry. With sinapinic or α-cyano 3-hydroxycinnamic acid as the matrix, mfp-3s are detectable at most laser energies, whereas mfp-5 and mfp-6 require significantly higher energies for detection at the same intensity (27, 30) . Above the interface and deeper within the plaque core, MALDI loses its charm, but useful information can be gleaned using Raman microscopy by following the frequencies of functionalities unique to one mfp or another. For example, the strong resonance Raman signals associated with the byssal cuticle (38) are identical to those of purified (39) . Additional but different resonance signals are also apparent in the plaque core, where they are colocalized with the phenylalanines of plaque mfp-2 and perhaps mfp-6 (24). Mfp-4 seems preferentially localized at the nexus between the thread and plaque (28) . Electron paramagnetic resonance spectroscopy has also been used to detect Fe 3+ and semiquinones in plaques (40) , but its spatial resolution is low. Figure 6a summarizes the current view of mfp distribution in the plaque.
Molecular interactions.
The interactions between specific mfps and between mfps and surfaces in aqueous solutions have been investigated using the surface forces apparatus (SFA), an instrument with angstrom distance and nanonewton force precision (2, 5) . The SFA can measure (a) the repulsive or attractive forces during approach; (b) the attractive adhesion forces, if any, upon separating two surfaces in air or solution; and/or (c) the attractive forces between a surface and a liquid underwater (18, 24) . The measured forces reflect the nature of interaction between the proteins or between the proteins and a mineral surface such as mica. Separation of two surfaces against an attractive interaction between them in the SFA typically involves breaking proteinprotein (cohesive) and protein-surface (adhesive/adsorptive) interactions, which can usually be resolved. Lowering the protein concentration, for example, to a point at which the protein forms a monomolecular film in an asymmetric testing geometry ( approximation of the adsorptive component of the attractive forces because primarily covalent bonds within the same protein chain are cohesively stretched ( Table 2) . Mfp films that exhibit attractive forces during separation are said to bridge, whereas those that bind one surface but do not cross over to the other are coating-only films, e.g., mfp-1 (18) . Mfp-3 and mfp-5 show bridging in both symmetric and asymmetric configurations, at all tested concentrations, and on all surfaces tested (18, 41; E. Danner, M. Hammer, J. Israelachvili & J.H. Waite, unpublished) . With the notable exception of mfp-1, the higher the Dopa content, the stronger is the observed bridging adhesion on mica surfaces ( Table 2 ) (41) . For example, mfp-5 with 30-mol% Dopa is the best adhesive, with a maximum W A at ∼6 mJ m −2 -nearly three times that of mfp-3 with 20-mol% Dopa. Hydrogen bonding by Dopa to the mica surface is thought to be bidentate, with both phenolic hydroxyls of Dopa as hydrogen donors to oxygen hydrogen acceptors on the polysiloxane surface of freshly cleaved mica. The two mutually well-oriented double -OH bonds in the Dopa-mica interaction, for example, may give only twice the energy E of a hydrogen bond (∼14kT × 2) but 10 6 times the lifetime τ because τ is proportional to e −E/kT (2) . This is essentially the same situation and configuration as in the more familiar association of A-T pairs in DNA. Typically, due to the low solubility of many mfps at pH ≥ 6, SFA tests are conducted at pH 5.5. This is not the pH of strongest mfp adhesion to mica; however, at this time 5.5 appears to best approximate the pH of protein secretion by mussels (31) . Films of mfp-1, -2, -4, and -6 show little to no intrinsic interaction in both symmetric (film deposited on both mica surfaces) and asymmetric (film on one mica surface only) tests, but adhesion can be extrinsically improved by adding certain metal ions ( Table 2) .
In asymmetric tests with the two mica surfaces coated by different protein films, the specificity of protein-protein interactions really emerges ( Table 2 , inset). For example, mfp-2 binds instantaneously to mfp-5 but not to mfp-3 (24) . In fact, mfp-3 appears to displace mfp-2 from mica so that eventually the bridging adhesion that develops between the mica surfaces is solely from mfp-3 bridging (31). Mfp-3 and mfp-5 exhibit a very strong interaction-up to 2.5 mJ m −2 -significantly more than mfp-3 by itself to mica ( J.N. Israelachvili & J.H. Waite, unpublished data). Mfp-2 shows no intrinsic interaction with mfp-1, -4, or -6. The role of Dopa, if any, in the intrinsic interactions between different mfps is not currently understood. Figure 6b summarizes known interactions of mfps located near the plaque-substratum interface. Additional factors greatly enhance the versatility of these interactions, as discussed below.
Other interaction factors.
Recently, it has been possible to measure the adhesion of mfp-3 in symmetric or asymmetric modes at pH 7.5 (31). Adhesion to mica at higher pH is reduced by ∼95% relative to pH 3 and by ∼75% relative to pH 5 (Figure 7a ). This result was expected because Dopa oxidation leads to Dopaquinone formation, which is significantly less sticky than Dopa on many surfaces, including mica and titania (see Section 4). However, the result begs the question as to why a mussel would rely on Dopa proteins for adhesion if they succumbed so easily to oxidation; the pH of seawater is even higher at 8.2. Adhesive proteins such as mfp-3 and -5 do not succumb to oxidation because they are secreted at low pH (pH 5-6) into a confined space, where they are maintained in a reducing environment in the plaque footprint (31) . The redox balance in the footprint is controlled by mfp-6, a cysteine-rich protein in which only one to three of the cysteines are detectable as thiols (30, 31) , but these cysteines are distinguished by having very low pK a s of ∼3-5; in contrast, a typical cysteine pK a is 8-9. Diminished adhesion in mfp-3, caused by raising the pH from 5.5 to 7.5, can be rescued by the addition of picomoles of mfp-6 to the gap at pH 5.5 (Figure 7b) . Partial rescue of Dopa is instantaneous, but complete rescue occurs in 60 min. That thiols in mfp-6 are responsible for redox was demonstrated by a loss of Dopa rescue (and adhesion) following S-carboxymethylation of mfp-6 as well as by the replacement of mfp-6 with 1,6-hexane dithiol (31, 41).
Metal ions.
Metal ions, especially di-and trivalent cations, can enable adhesion of nonadhering mfps to a surprising degree. Metal effects are most striking for mfp-2 and mfp-1 (see Section 3.4). As the most abundant plaque protein (at more than 25 wt%), one molecule of mfp-2 has a one-in-four probability of encountering another mfp-2. The inability to interact with this neighbor would undermine cohesion in the plaque. Ca 2+ improves the W A between mfp-2s from 0 to nearly 0.4 mJ m −2 (24) . Fe 3+ addition increases the adhesion of mfp-2s to 3 mJ m −2 (Figure 6b ), but the effect takes nearly 60 min in the SFA, perhaps because of the slow rearrangement of the bulky EGF domains. At pH 7, rearrangement is faster, but the strength of adhesion remains unchanged. Fe 3+ and Ca 2+ also have measurable effects on the adhesive interactions of the other mfps (24) . For example, the presence of 10-μM Fe 3+ diminishes interactions between two symmetric mfp-5 or mfp-3 films (24).
Physical factors.
The discovery that basic Dopa-containing proteins are mixed with polyanionic proteins (isoelectric point ≈2) in sandcastle worm (Phragmatopoma californica) cement with more than 40-mol% phosphoserine has suggested that mussel adhesives may also be dispensed as complex coacervates (42) (43) (44) . Low-isoelectric-point proteins also exist in the byssal plaque but are insufficiently characterized for description here. Complex coacervation is a process in which aqueous solutions of polyanions and polycations undergo phase separation at a pH at which they electrically neutralize each other. The denser, smaller phase is polymer rich, with protein concentrations reaching as high as 1-2 g cc −1 . Although it is too early to speculate on the details of how marine organisms practice coacervation, coacervation has considerable potential for wet adhesion, including phase-separated fluidity, reduced viscosity, low interfacial energy, and high internal protein and solvent diffusion coefficients (44) . Coacervates made from a cationic recombinant mfp fusion protein and hyaluronic acid (HA) possess properties consistent with predictions (44, 45) . At an optimal 1:3 mixing ratio of HA:recombinant mfp, the bicontinuous fluid exhibited an interfacial energy of <1 mJ m −2 , shear-thinning viscosity ranging from www.annualreviews.org • Mussel-Inspired Adhesion−1 -all properties well adapted to underwater adhesion.
Byssal Coating
The role of coatings in enhancing the performance of underlying materials is increasingly appreciated in manufacturing. Undoubtedly, natural coatings have equally important roles; however, until recently, the coating of mussel byssus was completely overlooked.
3.4.1. Function and mechanical properties. The byssal coating or cuticle is a 2-5-μm-thick layer covering all parts of mussel byssus exposed to seawater (Figure 8a,b) . One function attributed to the cuticle is insulation of the fibrous collagenous core against microbial attack (46) . This function is quite plausible but has not been directly demonstrated.
However, byssal cuticles also have mechanical properties with obvious adaptive value, as revealed by recent advances in nanoindentation. The nanomechanical properties of byssal cuticle were determined from embedded threads microtomed at one end to prepare a smooth surface. 
Chelation:
as well as for the cuticle. In M. californianus, core stiffness and cuticle stiffness are 0.5 GPa and 2.5 GPa, respectively. Hardness (H), in contrast, is 0.1 versus 0.5 GPa for core and cuticle, respectively. These values are worth comparing with those of the hardest known epoxies, for which average H is 0.5 GPa. In short, despite a thread extensibility of 70-100%, the cuticle is four to six times harder and stiffer than the core-a good albeit peculiar hedge against wear.
A rubber band coated by a layer of paraffin also has a protective sheath approximately five to six times harder than the core, but stretching the rubber band once to double its initial length shatters the coating. The cuticle of Mytilus threads does not shatter at high strains (less than 100% in M. californianus), and therein rests its real value (Figure 8a) : Stiff synthetic coatings with high strain capacity have yet to be invented. Even among marine mussels, the talent appears limited to Mytilus. A New Zealand mussel, Perna canaliculus, has strong threads and a hard cuticle, but extension to only 30% causes catastrophic cracking (48). Perhaps Perna's cuticle is less adapted because high thread extension is rarely encountered in its subtidal habitat.
Microstructure.
Ultrastructural analyses sought a structural explanation for hard cuticles with high strain capacity after the application of various strains. The examination of unloaded M. galloprovincialis cuticle by TEM revealed a composite structure in which roughly spherical inclusions (of diameter 800 nm) are dispersed in a continuous and homogeneous matrix (Figure 8b) . The volume fraction of each is 0.5 (47) . The inclusions known as granules in the literature have peculiar marbled microarchitectures. During loading, the granule aspect ratio changes, and granules elongate to almost 1.2 at 30% strain, after which there is no further change. Apparent in the microstructure of cuticle beyond 30% strain is a subtle network of microcracks usually at the interface between matrix and granules. The microcracks resist coalescence into larger cracks until strains of 70% and 100% in M. galloprovincialis and M. californianus, respectively, are reached (47) .
Given that stress concentration occurs whenever granules are not uniformly surrounded by matrix, cuticle fabrication is a topic of increasing interest. Byssal cuticle formation has been investigated in detail only once, by Vitellaro Zuccarello (49) in what she termed the "enzyme gland" (also known as the accessory gland) of the foot in M. galloprovincialis. The process begins like any secretory pathway, with a condensing vacuole in which protein is accumulated and gradually organized. Once granules are complete, they are encircled by a generous halo of matrix and are then ready for secretion. After assembly of a new byssal core in the foot groove, the haloed granules are released en masse by the enzyme gland and coalesce to engulf the thread.
Proteins.
Only one protein, mfp-1, is associated with certainty with byssal cuticles (50). Other ingredients include calcium, iron, and perhaps fatty acids (51). Mfp-1 is a large (∼108 kDa in M. edulis) and basic (isoelectric point = 10.5) protein that consists of a tandemly repeated decapeptide motif with a mature consensus sequence of A- (46, 54) . Briefly, mfp-1 has an open and extended structure in solution with some evidence for a left-handed 3 1 helix. The presence of 15-mol% Dopa makes it prone to oxidation, especially at or above neutral pH; however, oxidation has been observed at pH as low as 5.5 (54).
The most pronounced chemical reactivity of mfp1 is the complexation or chelation of Fe 3+ . At pH of 7.5, iron chelation is evident by a red color (500 nm) associated with tris-catecholatoiron(III) formation (39) . By control of the Fe 3+ :Dopa ratio, the color can be shifted from red (low) to purple (high). The red color in particular is associated with strong charge transfer from (Figure 8c,d) (38) . The charge transfer associated with Dopa-Fe(III) complexes in the cuticle results in strong resonance Raman signals that can be used for mapping the distribution of these interactions with micrometer resolution (Figure 8e) .
At higher magnification, resonance Raman microscopy reveals an intriguing detail about the fine structure of byssal cuticle in M. galloprovincialis. The signal intensity at 500 to 650 cm −1 , the frequency of catechol-O-Fe(III) stretching, is twice as intense in the granules as in the matrix (38) . Although mfp-1 is distributed throughout the cuticle, it is perhaps more densely bundled in the granules than in the matrix. This is possible if mfp-1 exists in two different physically separated states: high Dopa (20 mol%) and low Dopa (10 mol%), where the former may be associated with the granule and the latter with the haloes. The higher iron content is presumably recruited by the compartment, e.g., a mfp-1 variant, with the greater Dopa content. Other explanations are possible.
The ability of mfp-1 to interact with surfaces has been addressed using a number of different analytical techniques. These were reviewed recently (46) and need not be revisited here. Lin et al. (18) were the first to distinguish the behavior of mfp-1 from that of other mfps on mica surfaces. Mfp-1 films bind tightly to both mica surfaces in the SFA, as exhibited by the reversibly compressible hard wall at 5 nm, but by themselves they are not inclined to bridge from one surface to another, as does mfp3. The coating but not the bridging mode on surfaces was consistent with a protein that provides the cuticle with a natural coating on the byssus. With a thickness of approximately 5 μm, however, the cuticle has room for hundreds of mfp1 layers with a thickness of 5 nm each. Unless these layers have some way of interacting from molecule to molecule, there is little cohesive strength. Fe 3+ at 10-μM solutions at pH 5.5 mediates bridging between mfp-1 layers, but the effect is concentration dependent, as 100-μM Fe 3+ abolishes bridging (56) (Figure 9) . The Fe 3+ -to-Dopa ratio apparently influences whether one, two, or three Dopas bind to each metal nucleus. Protein cross-links occur only when two or three Dopas come together.
Conclusion: Sizing Up the Biology
The byssal plaques of mussels are exquisitely adapted for attachment to wet surfaces. Architecturally, they are hierarchically organized with a hard but extensible outer coating, gradient porous core, and fiber reinforcement for intimate union with the byssal thread collagens. The diverse plaque architecture is matched by a diverse protein composition, of which five to six proteins are localized exclusively to the plaque. Proteins such as mfp-3 and mfp-5 in the primer or front line of adhesion are enriched with up to 30-mol% Dopa; the side chain is exploited for robust bidentate interactions with surfaces, and W A is as high as 7 mJ m −2 on mica. Potent antioxidants such as mfp-6 are available to keep a certain proportion of the interfacial Dopa reduced for good adsorption. Mfp-6, however, is also adapted to function as a cross-linker once its reducing power is depleted, forming S-cysteinyl-Dopa adducts. Evidence for covalent cross-linking between mfps based on aryl coupling also exists, e.g., that in 5,5 -di-Dopa (57), but the extent to which quinone cross-linking contributes to plaque cohesion is still open to question. Three factors that favor the formation of cross-links in byssus are the facile auto-oxidation of Dopa to Dopaquinone, the redox exchange between Fe 3+ and Dopa (40) , and the presence of catecholoxidase activity (58) . Recent SFA analyses suggest that notions about protein cohesion in the plaque must be expanded to include Ca 2+ and Mg 2+ ion bridging (mfp-2 ↔ mfp-2), chelate complexes with Fe 3+ (mfp-1 ↔ mfp-1 and mfp-2 ↔ mfp-2), and strong intrinsic protein-protein binding complexes such as those between mfp-2 and mfp-5 and between mfp-3 and mfp-5. Distance, D (nm) 
MUSSEL-INSPIRED SYNTHETIC POLYMERS

Motivation and General Design Features
Due to their exceptional adhesive performance in wet and turbulent environments, mussel byssal proteins represent attractive targets for biomimetic efforts. Biomimetic constructs offer the obvious opportunity to capture the functional properties of native proteins in synthetic systems as well as to further elucidate the properties of native proteins. dominated by relatively simple peptide and polymer constructs containing Dopa or the catechol functional group found in Dopa, as Dopa is now accepted as being an essential component of many byssal proteins, with both cohesive and adhesive roles (see Section 3.3.4). With further time and research, the compositional space of biomimetic systems will certainly expand to reflect what is discovered about the role of other byssal protein residues (phosphoserine, lysine, histidine, hydroxyarginine, etc.) and the complex interplay between these residues and Dopa. Figure 10 schematically shows prototypical configurations of mussel mimetic synthetic polymers. The earliest examples of mussel mimetic polymers were Dopa polypeptides chemically synthesized by solid-or solution-phase peptide chemistry (59) (60) (61) (62) . Later, Dopa and lysine polypeptide copolymers were developed by ring-opening polymerization of N-carboxyanhydride monomers (63) (64) (65) . Recombinant DNA technologies have also been employed to create adhesive proteins (66) (67) (68) . Protein-and polypeptide-based adhesives have been reviewed (69) (70) (71) . In this review we instead focus on synthetic mussel mimetic polymers.
One frequent synthetic approach is to functionalize linear or branched polymers with Dopa, Dopa peptides, or other catechol functional groups by employing standard chemical ligation chemistries. This approach is exemplified by a family of poly(ethylene glycol) (PEG)-based linear and branched polymers in which Dopa was incorporated as a terminal group on each polymer chain (Figure 10) (72, 73) . Alternatively, one may directly synthesize polymers through polymerization of Dopa or a catechol-based monomer. Although one must be careful to avoid partial inhibition of free-radical polymerization by catechols in the presence of atmospheric oxygen, several recent reports of free-radically polymerized catechol polymers attest to the viability of this approach (74) (75) (76) (77) (78) (79) (80) . Combinations of monomers give rise to a tremendous potential composition and property space and are nicely exemplified by copolymers derived from polymerization of Dopamine methacrylamide (DMAm) with 2-methoxyethyl acrylate (MEA) or poly(ethylene glycol) methyl ether methacrylate (mPEG-MA) (81) . The resulting copolymers have highly divergent physical properties and can be used as adhesive, e.g., p(DMAm-co-MEA), or nonadhesive, e.g., p(DMAm-co-mPEG-MA), coatings, where p(DMAm-co-MEA) denotes poly(Dopamine-methacrylamide-co-2-methoxyethyl acrylate) and p(DMAm-co-mPEG-MA) denotes poly[Dopamine-methacrylamide-co-poly(ethylene glycol)-methylether methacrylate], respectively ( Figure 11) . Other examples of free-radically polymerized mussel mimetic polymers have been reported. Polymers derived from the catecholic monomer 3,4-dihydroxystyrene have been synthesized, as have copolymers of this monomer with styrene or styrene sulfonate (78-80, 82, 83) . Copolymers provide access to a wide range of physical properties through readily accessible starting materials and preparation methods suitable for mass production. The catechol content of most synthetic polymers described in the literature ranges from a few mol% to 30 mol% or more and therefore lies within the general range of catechol content found in native mussel adhesive proteins.
Synthetic Polymers and the Role of Dopa in Interfacial Adhesion
Synthetic polymers used in combination with specialized adhesion methodologies can yield additional insights into certain aspects of mussel adhesion. These studies employ simple polymer designs containing short peptides or even single amino acids and as such should be considered very simple model systems that lack the full complexities of native proteins. Nevertheless, these approaches can isolate and probe the contributions of key protein residues. Molecular-level studies of Dopa interfacial behavior were performed by grafting a single Dopa residue to an atomic force microscope (AFM) cantilever via a PEG tether and by measuring the force required to pull the molecule from contact with a substrate (84) . These measurements revealed strong and reversible interactions between Dopa and metal oxides, likely due to the formation of bidentate metal-oxygen coordination bonds between the Dopa catechol and surface metal atoms of the oxide. For titanium oxide, single-molecule pull-off forces of >500 pN have been measured in the presence of water, suggesting the ability of Dopa to outcompete water for interaction with the oxide surface. The strength of the interaction between Dopa and an oxide surface appears to be highly pH dependent, as measurements performed at high pH resulted in significantly attenuated pull-off forces. Auto-oxidation of Dopa to Dopaquinone at alkaline pH is likely responsible for this observation, implying that the interaction with titanium oxide is stronger in the catechol form compared with quinone. This is not to say that Dopaquinone is unlikely to contribute to interfacial bonding. Specifically, interactions with organic surfaces may benefit from www.annualreviews.org • Mussel-Inspired Adhesioncovalent reactions between quinones and nucleophiles commonly present on organic surfaces. Single-molecule studies performed at high pH resulted in covalent bond formation between Dopa and primary amine surfaces. Although the exact reaction mechanism is uncertain, likely candidates include Michael addition or Schiff base reactions with primary amines on the surface. Singlemolecule studies of Dopa interacting with mucin revealed strong noncovalent interactions (85) . Although the nature of the interactions was not determined, the single-molecule results were in qualitative agreement with an observed increase in mucoadhesion upon functionalization of Dopa with PEG (85) .
Bridging the length scales between single-molecule and macroscopic experiments are micromechanics measurements, for example, contact mechanics approaches conducted on Dopa-containing hydrogels. Shull and colleagues (86) (87) (88) and Deruelle et al. (89) have utilized these methods to probe the influence of Dopa and its oxidation state on adhesion to inorganic and organic surfaces. In these experiments, typically an elastic gel hemisphere is brought into contact with a solid surface and then retracted while the contact area and force are measured (90) , allowing the influence of Dopa and its oxidation state on adhesion to inorganic and organic surfaces to be studied. These methods offer distinct advantages over the lap shear and tensile adhesion tests that have been far more widely employed to determine the adhesive properties of Dopa-containing materials (64, 91, 92) . Macroscopic test methodologies cannot easily differentiate between cohesive and adhesive contributions to the measured values, and bulk mechanical properties can significantly alter the performance of an adhesive in these test methods (93) . In recognition that oxidation and interfacial binding typically occur simultaneously during byssus formation and that Dopa likely has multiple roles in this process, it is important to employ methods that allow for discrimination between cohesive and adhesive contributions of Dopa.
To elucidate Dopa's interfacial binding role in the absence of oxidation, Lee et al. (94) incorporated Dopa in its reduced form into photocured hydrogels that did not utilize oxidation in the curing process. Load-versus-displacement contact curves (Figure 12 ) of a Dopa-modified gel hemisphere showed significant hysteresis on a titania (TiO 2 ) surface underwater compared with control (Dopa-free) gels (94) . W A or the energy required to separate the gel from TiO 2 increased with increasing Dopa content, indicating that catechol enhances adhesion with the metal oxide surface. To study the effect of Dopa oxidation on adhesion, preformed Dopa-containing gels were treated with periodate prior to contact with the substrate. Oxidation significantly reduced W A between Dopa-modified gels and the TiO 2 substrate. By controlling the oxidation state of Dopa, this experimental model demonstrated that the adhesive properties of Dopa toward metal oxides decrease with oxidation. Guvendiren and coworkers (95) subsequently explored the interfacial binding properties of Dopa-modified block copolymer membranes with tissue surfaces as a function of the oxidation state of the catechol. The investigators utilized a new pressure-controlled membrane contact configuration. In this configuration, application of a positive pressure forced the membrane into contact with the surface of interest, after which a negative pressure was applied to separate the membrane from the substrate. The release pressure (P R ) was used as a measure of the strength of the adhesive interaction. The membrane geometry is well suited for rough or chemically heterogeneous surfaces (i.e., tissue surfaces). Thus, the method was used to characterize the adhesive interaction of Dopa with pigskin (Supplemental Figure 1; follow the Supplemental Material link from the Annual Reviews home page at http://www.annualreviews.org). Although Dopamodified membrane was adhesive to submerged tissue, P R increased dramatically when a periodate solution was added while the membrane was in contact with the tissue. Presumably, in situ oxidation of Dopa to highly reactive Dopaquinone resulted in covalent bond formation with functional groups (i.e., -NH 2 or -SH) present on the tissue surface.
These experiments as well as the SFA results described in Section 3.3.4 yield a picture of remarkable interfacial chemical versatility in which Dopa appears adept at adhesive interactions with both inorganic and organic surfaces. These interactions can be either covalent or noncovalent. Mechanistic understanding of Dopa in oxidative cross-linking and interfacial binding serves as a guide in designing novel biomimetic adhesive materials. In the following section we provide some examples of mussel mimetic materials being developed for use in the medical clinic.
Synthetic Medical Polymer Adhesives and Sealants
An obvious application for mussel adhesive protein mimetic polymers is as adhesives that bind together surfaces or seal holes in materials. Injectable wet medical adhesives capable of bonding or repairing tissues are considered one of the frontier areas in this realm. However, there are great challenges associated with adhering in the presence of excess biological fluid, as well as the usual concerns related to the biological response to synthetic polymers. For medical applications, a rapid sol-gel transition in the presence of tissue is desired so as to minimize surgical delay. This would typically be accomplished by administration of a liquid polymer solution, preferably aqueous, that solidifies within seconds or tens of seconds in vivo. The real opportunity here lies in exploiting the chemical properties of the catechol to generate cohesive and adhesive strength in the solidified adhesive.
In the Dopa-modified PEG polymers shown in Supplemental Figure 2 , the nonreactive PEG polymers serve as inert and biocompatible macromolecular supports to which cohesive and adhesive characteristics are imparted by introducing Dopa (72) . Solutions of branched and linear PEGs with Dopa end groups readily formed hydrogels when treated with either chemical (periodate) or enzymatic (horseradish peroxidase and mushroom tyrosinase) oxidants. The rate of curing was dependent on the type and concentration of oxidant, with gel formation requiring between 30 s and several hours. For periodate-cured gels, curing was fastest at approximately equimolar periodate and Dopa, whereas the curing rate for enzyme-mediated oxidation decreased exponentially with increasing enzyme concentration. These observations were attributed to differences in
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the cross-linking pathway, as cross-link formation proceeded by either quinone methide tanning (periodate) or phenol coupling (enzymatic) pathways. Model studies involving molecular weight characterization of oxidized linear monofunctional methoxy-PEG-Dopa revealed the formation of oligomers of methoxy-PEG-Dopa resulting from oxidative cross-linking of up to six Dopa end groups (72) , indicating that Dopa-Dopa cross-linking is responsible for network formation in multifunctional linear and branched PEG-Dopa polymers. Several PEG-based mussel mimetic polymers have demonstrated strong adhesion to tissue (91, 96, 97) . These adhesives outperform fibrin glue in various macroscopic adhesion tests, including lap shear, burst strength, and peel adhesion tests. By control of variables such as PEG architecture, molecular weight, number of terminal Dopa residues (up to four), and linking group (e.g., ester, urethane, amide), adhesives with a variety of properties (e.g., rate of curing, extent of swelling, mechanical properties, and degradation rate) can be obtained. For example, complete hydrogel degradation times ranging from 26 h to more than 3 months can be achieved without affecting the adhesive performance of these adhesives. Other catechol-containing molecules such as Dopamine or 3,4-dihydroxyhydrocinnamic acid impart adhesive and cross-linking ability in a similar fashion when used in place of Dopa on the PEG polymer (96, 97) . PEG-catechol adhesives are being developed to have handling properties similar to those of other PEG-based medical sealants that are commercially available [e.g., CoSeal (Baxter International) and DuraSeal (Confluent Surgical)]. Such adhesives are envisioned to be deployed in a clinical setting as a two-component system delivered via a double-barrel syringe or similar device.
The in vivo performance of PEG-catechol adhesives was recently investigated in mice (73) . The purpose of this work was to demonstrate mussel-inspired adhesive performance in vivo, with an emphasis on tissue biocompatibility and integrity of the adhesive-tissue interface. Rapid gelling mixtures of periodate and a nondegradable four-arm PEG-catechol were applied onto adipose tissue surfaces, where they formed adherent hydrogel coatings in situ. Histological evaluation at time points up to 1 year after implantation showed minimal inflammatory cell infiltrate and little evidence of fibrotic capsule formation (Figure 13a) . At all observed time points, the adhesive hydrogel material was visible and present at the original deposition site, and the material-tissue interface was intact. The surrounding adipose tissue was healthy and well vascularized, and there was no evidence of nonspecific postsurgical adhesions. A more stringent test of biocompatibility consisted of transplanting mouse islets onto adipose and liver surfaces of diabetic mice using PEGcatechol hydrogel; the adhesive was designed to seal the islets directly onto the tissue surface in a minimally invasive manner. The adhesive formed a visible, translucent, thin hydrogel layer over the affixed islet bolus, resulting in islet entrapment between the adhesive and tissue surface. Blood glucose was used as a measure of islet graft performance and adhesive biocompatibility. Control mice and those transplanted with PEG-catechol adhesive showed no statistical difference in the mean number of days posttransplant after which normoglycemia was achieved. Histological analysis of the implant site revealed PEG-catechol-immobilized islets to be well vascularized after several months in vivo (Figure 13b ) and to actively secrete insulin. This result is promising, given the high sensitivity of islets to chemical and physical insults, indicating that the PEG-catechol adhesive material does not interfere with islet engraftment to the host tissue. Recently, a mussel mimetic polymer adhesive was investigated as a candidate injectible surgical sealant for repair of gestational fetal membrane ruptures (98) . Invasive diagnostic and therapeutic fetal surgical procedures performed endoscopically require access with large-diameter fetoscopes and are frequently complicated by amniotic fluid leakage, separation of amnion and chorion, or iatrogenic preterm premature rupture of the fetal membranes (iPPROM). The morbidity and mortality associated with iPPROM may compromise the expected benefits of the intervention and are therefore potentially serious complications for prenatal fetal surgery. A material capable of plugging membranes after established rupture or as a prophylactic to prevent leakage at fetoscopic access sites is greatly needed. Such a material would ideally present an immediate, nontoxic, and durable physical barrier to amniotic fluid and would be capable of application to wet tissue surfaces.
PEG-catechol and several other sealants (DERMABOND, Histoacryl, Tissucol fibrin glue, and two other types of in situ-forming, PEG-based polymer hydrogels) were tested for acute toxicity upon direct contact with human fetal membranes for 24 h of organ culture. Bonding and toxicity were assessed through tissue histomorphological analysis of 3.5-mm membrane defects created with a trocar and were then sealed with PEG-catechol adhesive (Figure 14) . The sealed defects were further tested for mechanical integrity and were found to provide leak-proof closure that withstood membrane stretch in an in vitro model. Acute toxicity was assessed by direct application of sealant onto human fetal membranes followed by 24 h of organ culture. Only Tissucol and the PEG-catechol adhesive showed efficient, nondisruptive, and nontoxic bonding to fetal membranes. Other PEG-based adhesives either were poorly adhesive to the tissue or were not detected after 24 h, whereas cyanoacrylate medical adhesives elicited a highly aggressive adverse tissue response (Supplemental Figure 3) . On the basis of these preliminary studies, synthetic PEG-catechol tissue adhesives have emerged as a potential sealing modality for fetal membrane defects and merit further evaluation in vivo.
Stewart and coworkers (77) recently described synthetic mimics of glues secreted by the sandcastle worm P. californica. Like mussels, these organisms employ Dopa-containing proteins for their glues. In sandcastle worm glue, complex coacervates may be formed from mixtures of weakly acidic and weakly basic proteins (42) . The authors mimicked this system in the form of a catecholcontaining synthetic polyanion, which, when combined with a synthetic polycation at specific ionic strength and pH, formed a complex coacervate adhesive (77) . The liquid adhesive could be cross-linked into a solid through addition of a chemical oxidant, and this strategy was employed for in vitro bonding of bone fragments (Figure 15) . The authors subsequently reported a related environmentally triggered system that exhibited good in vitro bond strength to bone (43) and was recently adapted for the adhesive reconstruction of a cranial fracture in a rat model system (99 
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Figure 14
Ex vivo sealing of fetal membrane defects with PEG-catechol adhesive. Through-thickness puncture wounds (sealant lines) were created on fresh fetal membranes with an ∼3.5-mm trocar, and approximately 0.5 ml of adhesive was applied over the defect. The images represent a collage of a hematoxylin-and eosin-stained cross section through the defect and the PEG-catechol adhesive. The hydrogel appears as a ribbon-like structure that bridges the puncture edges. The bottom image shows a cross section of the same lesion at a narrow location. Adapted from Reference 98 with permission.
Synthetic Polymers Used as Coatings
The strong surface adhesion of Dopa offers many opportunities for the development of novel polymer coatings useful in a variety of ways. Depending on architecture and composition, the catechol may serve as an anchor in immobilizing a polymer coating onto a surface or may impart adhesive value to the applied coating.
PBS, pH 7.2
Figure 15
Photograph of bone slabs glued together with a complex coacervate formulation based on a synthetic polymer adhesive modeled after sandcastle worm cement. PBS denotes phosphate-buffered saline. 
Figure 16
Gecko-and mussel-inspired wet/dry adhesive. A thin silicone elastomer film containing pillar projections (a) was fabricated by nanolithography and then coated with a thin film of mussel adhesive protein mimetic polymer (b). Adhesion force per pillar in untreated and mussel mimetic polymer-coated polydimethylsiloxane (PDMS) is compared in panel c. p(DMAm-co-MEA) denotes poly(Dopaminemethacrylamide-co-2-methoxyethyl acrylate). Adapted from Reference 76 with permission.
Grafting to/from: refers to the polymer modification of surfaces in which a fully formed polymer is either adsorbed to a surface ("to") or polymerized from anchoring points on the surface ("from") by surface-initiated polymerization One interesting use for p(DMAm-co-MEA) is as a coating for enhancing wet adhesion of reversible fibrillar adhesive mimics of gecko foot hairs (75, 76) . The fibrillar attachment mechanisms of geckos, flies, and other organisms are believed to rely upon weak intermolecular forces and typically function poorly in the presence of excess water (see discussion in Section 2). Borrowing ideas from the wet adhesive proteins found in mussel holdfasts, Lee and coworkers (76) devised a hybrid biologically inspired adhesive consisting of an array of nanofabricated polymer pillars coated with a thin layer of p(DMAm-co-MEA) (Figure 16 ). Wet adhesion of the nanostructured polymer pillar arrays increased nearly 15-fold when coated with mussel adhesive protein mimetic polymer. The adhesive functioned like a wet/dry sticky note, maintaining its adhesive performance for more than 1,000 contact cycles in both dry and wet environments. This hybrid adhesive, which uniquely combines the salient design elements of both gecko and mussel adhesives, may prove useful for reversible attachment to a variety of surfaces in many environments.
A significant amount of research has been performed on antifouling polymer coatings in which PEG and other polymers are grafted onto surfaces via catechol functional groups (84, 100) . These coatings may be formed by either graft-to or graft-from approaches and range in thickness from a few nanometers to >100 nm (Figure 17) . At sufficiently high antifouling polymer surface density, the adhesion of protein, cells, bacteria, and algae is significantly reduced compared with unmodified surfaces. The first manifestation of this approach consisted of a PEG coupled to a decapeptide sequence derived from mfp-1 ( 
Biological inspiration
Figure 17
Schematic illustration of a biologically inspired strategy for grafting antifouling polymers onto surfaces. The anchors exploit the adhesive nature of catechols such as Dopa or Dopa peptides inspired by mussel adhesive proteins. Catechol anchors may be chemically coupled to an antifouling polymer and adsorbed onto a surface (a graft-to approach) or to an initiator that is used for surface-initiated polymerization (a graft-from approach).
interspersed with amine groups (e.g., lysine). A highly reductionist approach involves the use of low-molecular-weight catecholamines that polymerize at alkaline pH to produce thin adherent coatings onto which antifouling polymers may be grafted (Figure 18 ) (101) . PEG with a Dopa tripeptide anchor on one end group (mPEG-Dopa 3 ) was effective at preventing bacterial attachment and subsequent biofilm formation on a variety of surfaces (102, 103) . mPEG-DOPA 3 -coated titanium surfaces demonstrated a greater-than-94% reduction in bacteria binding over uncoated surfaces when challenged with 10 5 colony-forming units (CFU) ml −1 of six major uropathogenic bacterial strains for 24 h at 37
• C in human pooled urine. A >231-fold reduction in adherence for Escherichia coli GR-12, Enterococcus faecalis 23241, and Proteus mirabilis 296 compared with uncoated TiO 2 disks was observed (Supplemental Figure 4) (102) . Scanning electron microscopy also reflected these results and demonstrated the ability of the coating to resist urinary constituent adherence. Similar catechol-modified PEG coatings also demonstrated a significant reduction in bacteria adhesion when coated onto common catheter and stent materials (e.g., polyurethane and silicone rubber) (103) .
A subsequent in vivo study in a rabbit model with uropathogenic E. coli cystitis was performed with urinary stent curls coated with p(DMAm-co-mPEG-MA) (104). In this model, uncoated and Fouling-resistant polymer-coated object Metal-coated object PolyDopaminecoated object Metal, ceramic, or polymer object Self-assembled monolayer-coated object
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Figure 18
Mussel adhesive protein-inspired multifunctional coatings are derived from alkaline polymerization of a catecholamine such as Dopamine (101) . Objects present in the solution become coated with a thin film of polyDopamine, which can be used as a base or primer for further functionalization of the surface with metal films, grafted polymers, or pseudo-self-assembled monolayers. Abbreviations: HA, hyaluronic acid; PS, polystyrene; PTFE, polytetrafluoroethylene; PU, polyurethane. Adapted from research originally published in Reference 38. Copyright c AAAS.
coated devices were inserted transurethrally into the bladders of male New Zealand white rabbits, followed by instillation of uropathogenic E. coli strain GR-12 (10 7 CFU) and examination of their urine for bacteria for up to 7 days. p(DMAm-co-mPEG-MA)-coated devices showed decreased urine bacterial counts compared with those in uncoated catheters; eight of ten rabbits demonstrated sterile urine by day 3. The p(DMAm-co-mPEG-MA) coating strongly resisted bacterial attachment, resulting in improved infection clearance over that of uncoated devices.
If desired, bioactive functional groups can be presented in such coatings over a background of antifouling polymer to resist nonspecific interactions. For example, DOPA 3 -PEG-biotin coatings facilitate biofunctionalization with peptides and other biomolecules via biotin-avidin interactions. This was demonstrated for cell binding peptide ligands for α5β1 [cyclic RGD (cRGD)] and α4β1 [cyclic LDV (cLDV)] (105). Hematopoietic M07e cells bound specifically to immobilized cRGD and cLDV integrins in a dose-dependent manner, opening the door to incorporating biospecific functional groups into such coatings (Figure 18) .
Researchers in this field are also beginning to move beyond PEG and to explore other antifouling polymers with catechol anchors. For example, a new family of N-substituted glycine polymers (peptoids) is being investigated as candidate antifouling polymers (106) (107) (108) . These polymers have a polypeptide backbone, with natural or unnatural side chains substituting from the amide nitrogen as opposed to the alpha carbon. Investigators have explored a number of side-chain chemistries, including methoxyethyl, methoxypropyl, and hydroxypropyl, that demonstrate good protein, cell, and bacterial adhesion resistance. Other examples include zwitterionic polymers (71, 109, 110) and biopolymers (111) (112) (113) bound to solid surfaces using catechol functional groups.
Nanoparticle Stabilization
Finally, catechol anchors work equally well for attaching polymers onto surfaces of nanoparticles, including those envisioned for medical applications (114) (115) (116) (117) (118) . An interesting recent development in this area relates to an investigation of the stability of catechol anchors under physiological conditions (120) . In this study, PEG was anchored onto iron oxide nanoparticles by a variety of substituted catechols, and thermal and salt stability was determined. Nitro-substituted Dopa and Dopamine demonstrated enhanced stability of iron oxide nanoparticles. These nanoparticles could be repeatedly heated up to 90
• C without noticeable agglomeration, whereas catechols with lower affinity resulted in irreversible agglomeration. The enhanced binding of nitrocatechol to iron oxide may be attributed to the lower pK a (∼6.5) dissociation constant of the first catechol hydroxy group compared with unsubstituted catechols like Dopa (pK a > 9). 2-Nitrocatechol forms a more stable complex with TiO 2 than does catechol (119, 120) . The effect of phenol pK a on the binding strength of the catechol may represent yet another attribute that is already exploited in nature and from which a biomimetic approach can learn. Recently, Sun et al. (121) detected chlorinated Dopa (2-chloro-4,5-dihydroxyphenylalanine) in adhesive proteins secreted by sandcastle worm. These investigators proposed that halogenated Dopa was utilized as a mechanism to increase oxidation potential of the adhesive molecule, thus preserving its reduced and more adhesive form compared with the oxidized Dopaquinone. Further studies in this area may lead to enhanced catecholic anchors for coatings.
CONCLUSIONS
Mussel adhesion protein-inspired polymer research is motivated by the idea that the exceptional adhesive properties exhibited by the native proteins can be captured in synthetic polymer systems. A variety of chemical approaches may be employed, giving rise to linear or branched polymers functionalized with Dopa, Dopa peptides, or their catechol mimics. These polymers provide simple platforms for studying the role of Dopa in mussel adhesion as well as novel materials for wet adhesion. One of the compelling uses for these materials is in medical adhesion and sealing, in which catechols enhance adhesion to wet tissue surfaces. Progress is being made toward the development of mussel mimetic polymers capable of repairing both soft and hard tissues. Finally, there is rapid adoption of mussel mimetic polymers in the coatings field. Here, the adhesive qualities of the catechol may be important for anchoring polymers, biomolecules, and other compounds onto solid surfaces. With careful design of polymer composition and architecture, these coatings can give rise to adhesive or antiadhesive coatings.
SUMMARY POINTS
1. Practical underwater adhesives must have the ability to remove weak boundary layers and compete with surface hydration; to spread spontaneously on surfaces; to be deliverable as dense, phase-separated fluids; to undergo energetic interfacial interactions 
